Gastrocnemius intramuscular aponeurotic recession is
Gastrocnemius recession surgery is performed to weaken or eliminate the gastrocnemius muscle's plantarflexory action on the foot. Recent literature demonstrates that surgeons target the aponeurosis on the deep side of the gastrocnemius muscle in order to lengthen the aponeurosis; this procedure is known as the gastrocnemius intramuscular aponeurotic recession (GIAR) (1) (2) (3) . When performing the GIAR, the transection is a shallow incision through the aponeurosis only, and it leaves the muscle tissue of the gastrocnemius intact. Transection in this location does not interrupt the gastrocnemius entirely, so it allows both intramuscular and aponeurotic lengthening. Theoretically, preservation of the insertion of the gastrocnemius onto the soleus muscle lessens but does not eliminate the biomechanical effect of the gastrocnemius on the foot (Figure 1 
) (3).
The surgical anatomy of the deep portions of the gastrocnemius aponeurosis is best understood in the context of the anatomy of the entire triceps surae muscle complex ( Figure  2 ) (4) . The triceps surae is composed of the gastrocnemius muscle, which crosses the knee and is superficial in the posterior compartment of the leg; the deeper, larger soleus muscle, which does not cross the knee joint; and the Achilles tendon, which is the confluence of the distal aponeuroses of the gastrocnemius and soleus. The posterior surface of the soleus is a broad, flat aponeurosis that forms a bed upon which the gastrocnemius muscle lies. The medial and lateral heads of the gastrocnemius arise from distinct origins on the medial and lateral femoral epicondyles. The 2 heads abut and merge below the knee, then separate distally. Both parts of gastrocnemius are anchored to the posterior surface of a single, thin aponeurosis that forms much of the muscle's anterior (deep) surface. Although the anterior surface of the gastrocnemius aponeurosis is in direct contact with the posterior surface of the soleus aponeurosis, there is little or no tendinous connection between the 2 muscles except where they fuse inferiorly. The dimensions of the subcutaneous inferior part of the gastrocnemius aponeurosis have been described previously (1, 2) . The superior part of the gastrocnemius aponeurosis is herein referred to as the intramuscular portion, or the muscular-bound portion because its posterior surface directly accepts the insertions of the fascicles of the gastrocnemius muscle.
The GIAR is performed through a medial incision located at the mid-substance of the gastrocnemius muscle (3) . After the deep fascia is longitudinally incised, the gastrocnemius and soleus muscles are immediately identifiable. It is our preference to perform the GIAR in the supine position. The interval between the 2 muscle groups is bluntly developed. Deep retractors allow visualization to the lateral aspect of the muscular-bound gastrocnemius aponeurosis. The gastrocnemius aponeurosis is transected from lateral to medial with a curved-belly scalpel. The foot is then dorsiflexed with the knee extended to achieve separation of the transected aponeurosis and an intramuscular lengthening of approximately 1 to 3 cm.
In general, the key to success of the GIAR is dividing the gastrocnemius aponeurosis only, with sparing of the muscle tissue on its posterior surface, at a location where the gastrocnemius muscle bellies are sturdy enough to avoid a full-thickness muscle rupture when the foot is dorsiflexed. The part of the muscular-bound gastrocnemius aponeurosis that is distal enough to convey the force of many muscle fibers, but proximal enough to allow incision with little risk 
FIGURE 2
Medial view of cadaveric specimen demonstrating the posterior compartment of the leg. Skin, subcutaneous tissue, and superficial fascia are removed. The gastrocnemius muscle fibers are posterior to its aponeurosis, whereas the soleus muscle fibers are anterior to its aponeurosis. The gastrocnemius aponeurosis (without associated overlying muscle) continues for a variable distance (bracket, also known as the "gastrocnemius run out") inferior to the distal ends of the medial and lateral heads of gastrocnemius to reach its line of attachment to the soleus. Combined aponeuroses of soleus and gastrocnemius fuse to ultimately form the Achilles' tendon. (Modified with permission from the author and the publisher, from Blitz NM, Eliot DJ. Anatomical aspects of the gastrocnemius aponeurosis and its insertion: a cadaveric study. J Foot Ankle Surg 46 [2] :101-108, 2007.) of a full-thickness muscle tear, is the "transection zone." The dimensions of the transection zone of the gastrocnemius aponeurosis are the focus of this study.
Materials and Methods
Fifty-eight legs were obtained from 29 cadavers at the conclusion of a medical school human gross anatomy laboratory course. Overdissected specimens, desiccated specimens, and specimens with evidence of previous surgery or deformity involving the gastrocnemius musculature and/or its aponeurosis were discarded. After this culling, 46 specimens remained available for inclusion in the study. There were 2 isolated left-side specimens, 2 isolated right-side specimens, and 21 matched pairs of right-sided and leftsided specimens. The mean age at death was 76 (range 53 to 94) years. The selected specimens were harvested from 11 males and 14 females. Racial and ethnic data were not obtained.
To isolate the anatomical area of interest, skin, subcutaneous tissue, and deep fascia were removed from the cadaveric specimens. The proximal muscular attachments of both gastrocnemius heads were transected at the level of the knee. Distally, the soleus muscle was transected superior to the gastrocnemius insertion point, and the Achilles tendon was also transected. The relevant portion of the gastrocnemius muscle, exposed distal aponeurosis, and soleus were removed from the leg as a unit, and pressed flat manually to eliminate the inherent curvature of the structures to be measured.
We defined the "transection zone" as the region of the muscular-bound gastrocnemius aponeurosis that lies distal to the sparse aponeurosis and proximal to the thin, weak part of the muscle itself ( Figure 3 ). The proximal border of the transection zone (Point ␦) was defined as the point where the muscle and aponeurosis exist concomitantly and the aponeurotic surface becomes clearly delineated. Transection proximal to this level can be anticipated to have little mechanical effect. The distal boundary of the transection zone was limited by the muscle available external (posterior) to the aponeurosis. Although it was unclear just how thick the muscle must be to avoid a full-thickness muscle rupture, we considered the confluence of the medial and lateral muscle heads on the external surface of the muscle to define the transection zone's distal boundary (Point ␣, in Figure 3 , the most inferior point of direct contact between the medial and lateral heads of the muscle).
For consistency, the landmarks for all measurements were identified and marked by one investigator (N.M.B.), then verified and agreed upon by the other investigator (D.J.E.). Two red pins (Points B and D) characterized the distal extent of the gastrocnemius muscle tissue (Figure 4 ). To match our previous anatomical study, Points B and D identified the most distal muscular attachment of the medial and lateral heads of the gastrocnemius, respectively (1) . The confluence of the medial and lateral heads of gastrocnemius was defined as Point ␣, marked with a purple pin. These 3 distal points were first identified on the posterior side of gastrocnemius, and then marked on the anterior side where all measurements were made. Five lines were measured in relation to the points described above (Figure 4 ), using a ruled straightedge, calipers, and a right triangle, and orthogonal distances were measured to the nearest millimeter. From these 5 lines, 4 calculated lines were mathematically obtained. The first measured line (Line 1) was the distance between ␣ and ␦. The second measured line (Line 2) quantified the width of the gastrocnemius aponeurosis. Line 2 was perpendicular to the estimated longitudinal axis of the muscle, and it bisected Line 1 at a distance calculated to be one half of the length of Line 1. The third measured line (Line 3) was a segment of Line 2, from the medial edge of gastrocnemius aponeurosis to the intersection of Lines 1 and 2. Line 4 was calculated by subtracting the distance of Line 3 from Line 2. Line 5 and Line 6 represent the extents of the medial and lateral heads of gastrocnemius below the transection zone. The length of line 5 was calculated by subtracting Line 1 divided by 2 from the perpendicular distance from Line 2 to point B; the length of Line 6 was calculated by subtracting Line 1 divided by 2 from the perpendicular distance from Line 2 to point D.
FIGURE 3
The transection zone. Single cadaveric specimen demonstrating anterior and posterior aspects of gastrocnemius. The transection zone is the area where the muscular-bound gastrocnemius aponeurosis is available for surgical transection. In the transection zone the anterior surface of the aponeurosis is exposed without muscle covering its surface, but inserting muscle tissue attaches to all of its posterior surface. The confluence of the medial and lateral heads of gastrocnemius (Point ␣: pink dot posteriorly/ black dot anteriorly) is clinically identifiable on the posterior aspect of the leg. Line 1 is the length of the transection zone. Line 2 is the width of the transection zone at its midpoint. Table 1 provides the medians and ranges of the lines that describe the dimensions of the transection zone (Lines 1 through 4), and the lengths of the distal ends of the medial and lateral heads of gastrocnemius (Lines 5, 6). Figure 5 shows the lengths and widths (Lines 1 and 2) for each specimen. The median proximal-to-distal length of the transection zone (Line 1) was 49 mm (range 7 to 100). Figures 6, 7 , and 8 demonstrate gastrocnemius aponeuroses with long average lengths and short transection zones. The median width of the transection zone at the bisection of Line 1 (Line 2), was 91 mm (range 19 to 48). Figure 9 shows the widest (119 mm) transection zone observed in the sample.
Results
The transection zone's length did not predict its width (Figure 10 ). The median contribution of the medial head of gastrocnemius to the width of the transection zone (Line 3) was 55 mm (range 30 to 80), and the median contribution of the lateral head (Line 4) was 35 mm (range 18 to 53). Based on this median measurement, 60% of the width of the gastrocnemius aponeurosis exited medial to Line 1. The median distance that the medial head extended below the transection zone (Line 5) was 40 mm (range 16 to 68); whereas the median distal extent of the lateral head, as described by Line 6, was 22 mm (range 6 to 35). In only 5 instances was the distal extent of the lateral head greater than or equal to that of the medial head in the same specimen (Figures 10 and 11 ).
Discussion
The first study (1) in our series evaluated the variation in the insertion of the gastrocnemius muscle into the superficial tendinous surface of the soleus muscle. The results of that investigation showed that the gastrocnemius may insert directly onto the soleus (direct attachment), but the gastrocnemius aponeurosis more often extends distally for a variable distance as a thin, tendinous sheet void of muscular attachments. In about half (53%) of the specimens, a lengthy exposed aponeurosis was identified. An aponeurosis of 10 mm or less was identified in 9% of the specimens, and a direct attachment of the medial side and/or lateral side of the gastrocnemius muscle occurred in 38% of the specimens. Interestingly, the medial side of the aponeurosis was often found to be shorter than the lateral side (1). These findings suggest that although there is a possibility that a short aponeurosis and/or direct attachment of the muscle may make transection more challenging, the exposed aponeurosis inferior to the 2 heads of the gastrocnemius muscle is generally the ideal location to perform a Strayer-type complete gastrocnemius recession (1, 2, 5-8).
Depending on the clinical scenario, it may not always be appropriate to eliminate the biomechanical role of the gastrocnemius entirely. In such cases, a surgeon can anatomically lengthen the muscle by transecting the muscularbound portion of the gastrocnemius aponeurosis while preserving the aponeurotic insertion (3, 5, 9). Baumann and Koch (9) first developed this concept with multiple transections of the muscular-bound portion of the gastrocnemius FIGURE 6 Cadaveric specimen illustrating lengthy transection zone (Line 1, the distance between Point ␣ and Point ␦ ϭ 100 mm).
FIGURE 7
Cadaveric specimen illustrating a transection zone of near average length (Line 1 ϭ 52 mm). The transection zone of this specimen was 3 mm more than the mean length of the transection zone in the data set.
FIGURE 8
Cadaveric specimen illustrating short transection zone (Line 1, the distance between point ␣ and point ␦ ϭ 7 mm).
aponeurosis for spastic contractures in a pediatric population. The procedure was accomplished through an 8-cm to 12-cm medial incision with or without aponeurotic lengthening of the soleus. More recently, the first author of this manuscript (N.M.B.) described a minimally invasive medial approach to this procedure by means of a single transection of the gastrocnemius aponeurosis in the neurologically intact individual with musculoskeletal deformity, a procedure termed the gastrocnemius intramuscular aponeurotic recession (GIAR) (3).
Theoretically, gastrocnemius recession, whether complete or partial, only influences the gastrocnemius muscle. Complete detachment of the gastrocnemius aponeurosis from its insertion will eliminate the effect of gastrocnemius on the foot, decreasing dorsiflexion strength and greatly diminishing the ability of knee extension to limit dorsiflexion of the foot at the ankle. Several investigators have studied the effect of gastrocnemius recession on range of motion. Pinney et al (10) clinically studied the dorsiflexory effect of an isolated gastrocnemius release (Strayer technique) on 20 consecutive patients (26 legs), and showed that average ankle dorsiflexion increased by 18.1°postopera-tively. A prospective study of endoscopic gastrocnemius recession, by Saxena and Widtfeldt (11) demonstrated a net increase of 12.6°of ankle dorsiflexion in 18 procedures at 1 year postoperatively.
The functional effects of the GIAR are unknown, but can be expected to be less marked than the effects of complete gastrocnemius recession. The anatomy of the muscle after the surgery suggests that the gastrocnemius will continue to impart some force on the foot, since it is not completely divided and its insertion into the soleus is maintained. In a recent cadaveric study involving 15 specimens, Herzenberg and colleagues (5) demonstrated that 2 selective transections of the muscular-bound portion of the gastrocnemius aponeurosis resulted in an average increase in ankle dorsiflexion of 14°with the knee extended, and 8°with the knee flexed. It is also important to keep in mind that following transection of the aponeurosis, the tendinous and fascial tissues that connect the fascicles within the gastrocnemius muscle acquire additional biomechanical relevance, because force that had passed through the aponeurosis is transmitted through the muscle itself.
In this study we describe the dimensions of the transection zone for sectioning of the muscular-bound portion of the gastrocnemius aponeurosis. The transection zone can be lengthy (Line 1 maximum length ϭ 100 mm) or short (Line 1 minimum length ϭ 7 mm). The mean length of 50 mm shows that the transection zone is often long enough for the surgeon to use clinical criteria to choose the precise location of the recession. Based simply on the geometry of the gastrocnemius muscle, we speculate that transection across the proximal (superior) part of the transection zone will yield a relatively small biomechanical effect because relatively few gastrocnemius muscle fascicles are separated from their tendon of insertion. Following the same logic, dividing the aponeurosis at the distal (inferior) end of the transection zone will, one assumes, affect a greater number of gastrocnemius muscle fibers, and thereby cause greater diminution of the force of the gastrocnemius. The functional effect of dividing the aponeurosis inferior to the transection zone may approach division through the exposed aponeurosis at the distal end of the muscle, which, as has been explained previously, eliminates the action of gastrocnemius entirely (1) . We suggest that, in this way, the extent of the biomechanical effect can be determined by the location of the incision on the surface of the gastrocnemius aponeurosis.
If the transection zone is short, the surgeon may be unable to perform even a single transverse division of the aponeurosis completely within the transection zone; or, if a single transection does not provide sufficient increased dorsiflexion range of motion, there may not be enough area to perform a subsequent, more distal incision. Concomitant lengthening of the soleus muscle by transection of its aponeurosis might be worthy of consideration in such cases. A less drastic alternative would be to perform the GIAR with an oblique or step-cut transection. The results of this anatomic study also suggest that there is an opportunity to vary the orientation of the transection line in a GIAR. Although the literature is sparse regarding the technique, it appears that a linear aponeurotic transection perpendicular to the long axis of the muscle is most commonly used (3, 5, 9, 12, 13) . However, it is now evident that in some cases there will be limited aponeurotic surface upon which a surgeon could perform the procedure without violating the transection zone. It is also obvious that if, as is often the case, the medial head of the patient's gastrocnemius extends considerably more distal than does the lateral head, and a perpendicular transection might cross distal to the transection zone on the lateral side, this would produce a greater biomechanical effect on the lateral head, or perhaps render the lateral head prone to full-thickness rupture. A more balanced transection of the 2 heads would be achieved by an oblique incision that is more nearly parallel to a line connecting the distal ends of the 2 heads of the muscle. Similarly, a step-cut may be used with a relatively distal transection of the medial head and relatively proximal transection of the lateral head. An oblique or staggered cut could effectively lengthen the transection zone by allowing the surgeon to begin the medial transection below the Point ␣ (Figure 3) . Figure 12 depicts a number of optional methods by which a single aponeurotic sectioning could be performed.
When the GIAR transection is made at the distal end of the transection zone, Point ␣ (Figure 3 ) becomes the key anatomical landmark, and an oblique or step-cut transection may be appropriate. Point ␣ can be identified preoperatively by palpation or ultrasonic imaging. Intraoperatively, Point ␣ can be expected to be more than halfway across the aponeurosis from the medial margin (Line 3 is typically greater than Line 4). The oblique or step-cut transection is indicated when the medial head of gastrocnemius displays a considerably more inferior extent and/or is much more substantial than the lateral head. An oblique transection that is relatively distal on the medial side should pass superior to Point ␣ as it angles to a more proximal location on the lateral side. Similarly, the lateral side of a step-cut transection will ordinarily be superior to Point ␣, even if the medial side is inferior to the transection zone. A line connecting Points B and D suggests the angle for an oblique transection; or the difference between Lines 5 and 6 suggests some information for choosing the difference between the 2 arms of a step-cut. Of course, the relationships between Points ␣, B, and D will be just part of an individualized, 3-dimensional assessment of the distal part of a patient's gastrocnemius muscle used to determine the mechanical effect of the incision and the risk of a full-thickness tear.
We understand that our investigation may have been influenced by a number of potential biases. For instance, it is possible that postmortem changes in the dimensions of embalmed specimens may have altered our measurements in important ways, although we feel that the dense regular connective tissue of tendons may be less vulnerable to such change than are many other soft tissues. Furthermore, inconsistent amounts of postmortem change may have been minimized because all of the cadaver specimens used in the study were embalmed and curated by a single embalmer at one embalming facility, and desiccated gastrocnemius specimens were avoided because of the inclusion criteria. Moreover, we did not test intra-rater reliability and, as such, we do not know for sure if our measurements truly represent what we thought that we were measuring.
In conclusion, surgical transection of the deep, muscularbound portion of the gastrocnemius aponeurosis on the deep surface of the gastrocnemius muscle is employed to lessen the force applied by the gastrocnemius muscle on the foot without entirely decommissioning the muscle's biome- 
FIGURE 11
In a large majority of specimens, the medial head of gastrocnemius extends more distally than the lateral head (A), although the medial head may be equal length or slighter shorter than the length of lateral head (B).
chanical influence. The "transection zone" that has been described in this article is an appropriate location for this surgery because, anatomically, it is the part of the aponeurosis that directly displays an accessible anterior tendinous surface, and it has muscle insertion across the entire width of its posterior surface. In adults, the transection zone is often long enough (mean proximal-to-distal length 50 mm) to provide a surgeon with a choice in regard to selecting the best location and method for division of the aponeurosis. We hypothesize that, because it will disconnect more of the muscle from the inserting end of the aponeurosis, a distal transection within the zone will have a relatively greater biomechanical influence (greater elimination of gastrocnemius force) than will a more proximal transection. In the transection zone, the medial head is wider than the lateral head of gastrocnemius (60% versus 40% of the total width). Furthermore, the medial head typically extends distally beyond the transection zone more than does the lateral head. These 2 observations suggest that oblique or step-cut transections that are more distal medially and more proximal laterally may be required to achieve a balanced diminution of the actions of the medial and lateral heads of the gastrocnemius muscle.
